Objective The aim of this study was to survey the 18F-fluorodeoxyglucose-positron emission tomography (FDG-PET) cancer screening program conducted in Japan. Methods The ''FDG-PET cancer screening program'' included both FDG-PET and positron emission tomography with computed tomography (PET/CT) with or without other combined screening tests that were performed for 
Introduction
Screening is the investigation of a group of asymptomatic individuals in order to detect a disease that has a high probability of development. The National Cancer Institute (NCI) estimates that appropriate cancer screening can prevent 3-35 % of premature deaths caused by cancer. The NCI suggests that cancer screening might decrease cancer morbidity because treatment for earlier-stage cancers is often less aggressive than that for more advanced cancers. Only a few screening methods have evidence supporting their use in reducing cancer-related mortality [1] .
Fluorine-18 fluorodeoxyglucose (FDG)-positron emission tomography (PET) and positron emission tomography/ computed tomography (PET/CT) have had a considerable impact in the field of oncology in terms of differentiating between benign and malignant tumors, staging cancers, evaluating the effectiveness of treatment, and predicting prognosis. PET and PET/CT can provide whole-body imaging, and have the potential to reveal malignancies anywhere in the body. The performance of FDG-PET for cancer screening was first published by the HIMEDIC Imaging Center at Lake Yamanaka. They established a cancer screening program which consisted of an FDG-PET examination combined with screening tests such as ultrasonography and computed tomography to compensate for the limitations of FDG-PET [2] . Since then, cancer screening using FDG-PET based on Yamanaka's method has become widespread in Japan, and is performed in more than 130 facilities. The performance profile of FDG-PET cancer screening in 2005 was reported. A total of 43,996 healthy subjects underwent FDG-PET (including PET/CT) scanning with or without other tests for cancer screening in 38 PET centers in Japan [3] . The yearly survey was continued until 2009 in Japan. PET cancer screening is more widespread than before, and PET/CT scanners were more widely used than ever. The potential of the FDG-PET cancer screening program is investigated in the present report through the results of 155,456 cases that underwent FDG-PET cancer screening from 2006 to 2009. This report aims at clarifying the performance of FDG-PET cancer screening, but does not attempt to confirm nor deny the effectiveness of the PET cancer screening program as a cancer screening method.
Materials and methods

Subjects
All study protocols in this retrospective observation study were approved by our institutional review board. Questionnaires regarding the FDG-PET cancer screening program were obtained from subjects who had undergone FDG-PET and/or other combined screening tests, and were referred for further evaluation. Subjects underwent FDG-PET cancer screening in a total of 233 facilities (2006, 59; 2007, 57; 2008, 58; and 2009, 59 ). The total number of subjects was 43,061 ( Table 1 .
Contents of the investigation
The questionnaire regarding the FDG-PET cancer screening consists of an ''Investigation of facilities'' section that describes the situation of each facility, and an ''Investigation of suspected cancer cases'' section that describes the inspection of suspected cancer cases. The ''Investigation of facilities'' section surveyed the following areas: (1) the type and methods of FDG-PET (FDG-PET machines, injected radioactive of FDG, presence and method of attenuation correction, time to obtain PET or PET/CT, screening range, performance of delayed scanning and start time); (2) characteristics of the CT scanner integrated in the PET/CT system (mAs, CT image reconstruction interval); (3) fixed or optional other cancer screening tests combined with FDG-PET; (4) total number, gender, and age of subjects who underwent FDG-PET cancer screening; (5) number of repeated annual FDG-PET cancer screening (at least 2 consecutive years); (6) number, gender, age of subjects with positive findings by FDG-PET and/or combined screening test suggesting possible cancer; (7) number of positive/ negative findings by FDG-PET and/or combined screening 
Definition of terms
In this article, the term ''FDG-PET'' is defined as an examination performed with a PET scanner or PET/CT scanner. ''FDG-PET cancer screening program'' is defined as a cancer screening program using FDG-PET that is aimed at the detection of cancer at an early stage. Any PET or PET/CT detector, FDG-PET method, combined screening test, and method of further examination were included in the present report. Any method of selecting subjects and of handling the associated expense burden was allowed. Cases with a past history of cancer, or screening for recurrence requested by the attending physician or patient were excluded from the present report. However, when the cancer was considered to have been cured and FDG-PET was performed to screen for other sites of cancer, the FDG-PET test was included. ''Combined screening tests,'' defined by each PET center, were those undergone by more than half of the subjects who underwent FDG-PET cancer screening at each PET center. If a screening test was performed at another facility within a short interval and the results were provided to the PET center, it was included in category of ''combined screening tests.'' If further examination was judged necessary on the basis of the obtained PET information, any additional test other than the prefixed screening program was not considered to be a ''combined screening test.'' If a cancer screening test was performed using a PET/CT scanner, regardless of the method used or manner of interpretation, the information obtained from the CT integrated in the PET/CT scanner was not regarded as a combined screening test, but as PET/ CT itself. This was because the CT findings could not be ignored when using PET/CT. Hence ''PET positive'' is defined as positive findings on PET or PET/CT. Accordingly, the cases with PET/negative and CT/positive findings on screening tests performed by PET/CT were defined as ''PET/positive''.
''Required further examination'' is defined as cases for which a thorough examination was recommended on the basis of the comprehensive results of FDG-PET and/or any combined screening tests. Cases for which reexamination was recommended are not included in ''required further examination.'' ''Obtained result of further examination'' is defined as being clearly categorized as ''proved cancer,'' ''excluded cancer,'' or ''strict follow-up because of disproved cancer'' through the results of additional examinations and treatment.
Statistical analysis
The Chi-square test for independence was performed to compare the detection rate, sensitivity, and positive predictive value between PET and PET-CT. A P value of less than 0.05 was considered to be statistically significant.
Results
Characteristics of subjects who underwent FDG-PET cancer screening
The number of subjects in each age group is listed in Table 2 . Subjects in their 50s and 60s made up the majority, accounting for 63.8 % of all subjects. The rate of repeated annual FDG-PET cancer screening was 26.4 % for all subjects.
A PET/CT scanner was used in 95,046 cases (61.1 %), and a dedicated PET scanner in 60,410 (38.9 %). In 2006, The start time of the emission scan was most frequently 60 min after injection of FDG (average 60.1 min). Total required scanning time (including the scanning time of CT and transmission scan) was 25.5 min on average. The scanned range was most frequently ''parietal to knee'' regardless of whether a PET scanner or PET/CT scanner was used. Delayed scanning was performed regularly at 28 facilities, if necessary at 67, and never at 22 facilities (8 facilities had multiple answers, and the decision depended on the scanner type used). The start time of delayed scanning was frequently 120 min after injection of FDG (average 117.9 min).
Characteristics of CT scanners integrated in the PET/CT systems
The majority of PET centers used variable ''mAs'' values rather than a consistent mAs value (the product of X-ray tube current and exposure time) fixed to CT scanners integrated in the PET/CT system. Although the displayed CT scanning parameters on the machines and their definitions differ according to the manufacturer, the average displayed tube current (mAs), pitch, and computed tomography dose index-volume (CTDIvol) (mGy) of the scanner in facilities that applied a consistent mAs value to CT scanning were 95.2 mAs, 1.27, and 6.2 mGy, respectively, whereas in facilities applying variable mAs values, they were 114.2 mAs (maximum mAs value), 1.47 and 6.3 mGy, respectively. Tube voltage (kV) was most frequently 120 or 140 kV.
The CT image reconstruction interval was most frequently 3.75 or 5 mm. The location of the hands at the time of PET/CT scanning was elevated and pulled down at equal frequencies, and CT images were most frequently obtained during resting breathing.
Combined screening tests
The combined screening tests in the various facilities are listed in Table 3 . A total of 85.5 % of all facilities performed one or more combined screening tests in addition to FDG-PET. The number and type of combined screening tests differed by facility and by individual subjects even in the same facility. CT, abdominal ultrasonography (US), pelvic magnetic resonance imaging (MRI), fecal occult blood test (FOBT), and several kinds of serum tumor marker tests were most frequently adopted as combined screening tests with PET examination. On the other hand, physically taxing screening methods for the GI tract and colon tended to be avoided.
Characteristics of subjects with positive findings suggesting possible cancer
The number, gender, and age of subjects with positive findings suggesting possible cancer are listed in Table 4 . Positive findings were noted in 16,955 cases (9,505 men, 7,352 women, and 98 gender unidentified). The rate of suspected cancer was 10.9 % (annual yearly range 10.3-11.6 %) in total, which increased with age. The rate of suspected cancer in women was high in subjects aged 30-59 years due to the increased number of suspected thyroid and breast cancers.
The rate of suspected cancer was 9.8 % (range 9.3-10.8 %) for dedicated PET combined with other screening examinations, lower than the rate of 11.6 % (range 10.7-12.0 %), which was found for PET/CT combined with other screening examinations (P \ 0.01).
Analysis of suspected cancer according to the interpretation by FDG-PET and/or combined screening examination Of the 16,955 cases with suspected cancer, the interpretation in 16,272 cases depended on the PET and combined screening test. Both PET positive and combined screening test positive were 20.4 %, PET positive only was 32.1 %, and combined screening test positive only was 47.5 %. Both dedicated PET and combined screening test positive were 23.1 %, dedicated PET positive only was 27.5 % and combined screening test positive only was 49.4 %. Both PET/CT positive and combined screening test positive were 18.9 %, PET/CT scanner positive only was 34.6 %, and combined screening test positive only was 46.5 %. As a result, the estimated rate of suspected cancer was 5.0 % with dedicated PET, 6.2 % with PET/CT, and 7.4 % with the combined screening tests (Fig. 1) . The FDG-PETpositive rate was slightly higher in screening tests performed using PET/CT scanners than PET scanners (P \ 0.01), and the positive rate with combined screening tests was much higher than FDG-PET (P \ 0.01).
Analysis of detected cancers
Of the 16,955 cases with suspected cancer, final results were obtained from 7,197 cases (42.4 %). The number of detected cancer cases was 1,912, which amounted to 1.23 % of the total number of cases screened. The number, gender, and age of the subjects in whom cancer was detected are listed in Table 5 , and the number and kind of found cancers are listed in Table 6 . Of the 1,912 cases of detected cancer, 1,491 had positive findings on PET (including PET/CT) amounting to 0.96 % of the total screening number. As a result, 78.0 % of detected cancers had positive PET findings. Of the 1,491 cases, 492 were detected by screening tests performed with PET scanners, and 999 cancers by screening tests performed with PET/CT scanners. The detection rate of cancer was higher with PET/CT scanner at 1.05 % (999/95,039) than with PET scanner at 0.81 % (492/60,407) (P \ 0.01). Of the 999 cancers detected by PET/CT scanners, 278 cases were positive only by PET, 594 cases were positive by PET and CT integrated with PET/CT and 127 cases were positive only by CT integrated in PET/CT.
According to the results of further examinations, the true positive rate for subjects with suggested possible cancer (positive predictive value) was 32.3 % (1,491/4,609) with PET, with no statistically significant difference noted between PET/CT at 32.6 % (1,000/3,069) and PET at 31.9 % (491/1,540). Of the 7,197 cases in which a final result was obtained, repeated annual FDG-PET cancer screening tests were performed in 1,240 cases, with cancer found in 22.9 % of them, lower than that in the unrepeated cases (27.5 %). The cancers found in the FDG-PET cancer screening program were of a wide variety, as listed in Table 6 . The most frequently detected cancers with high PET-positive rates were colon/rectum cancer (396 cases, 85.9 %), thyroid cancer (353 cases, 90.7 %), lung cancer (319 cases, 86.8 %), and breast cancer (163 cases, 84.0 %). Low PETpositive rates, but high positive rates in combined screening tests were found with prostate cancer (165 cases, 37.0 %) and gastric cancer (124 cases, 37.9 %). Renal cancer, malignant lymphoma, pancreas cancer, esophagus cancer, uterine cancer, and bladder cancer were also frequently found. Cancers were most frequently found in the age groups of 50-59 years and 60-69 years, accounting for 66.9 % of the total found cancers. Cancers were most frequently found in the age group of 60-69 years in men and 50-59 years in women.
Clinical stage for six representative kinds of cancers Table 7 summarizes the result of PET according to Union for International Cancer Control (UICC) clinical stage for six representative kinds of cancers (lung, colon/rectum, thyroid, breast, prostate and stomach). Cancer of the lung, colon/rectum, thyroid and breast was found mostly at Stage I with high PET sensitivity. Most prostate and gastric cancers were also categorized as Stage I, but they were largely found with the combined screening tests. The cancers found with repeated FDG-PET cancer screening were commonly found at Stage I, but a small number of cancers were found in advanced stages.
Analysis of detected non-cancerous lesions
According to the results of further examinations for subject with positive findings in FDG-PET screening program, many non-cancerous lesions were found. The major non-cancerous lesions found are listed in Table 8 . Most of the non-cancerous lesions were found with PET or PET/CT. However, FDG-PET or PET/CT had moderate to low sensitivity for colonic diverticulum (45.7 %), benign prostatic hypertrophy (35.1 %), liver hemangioma (28.6 %), mammary cyst (27.6 %) and gastric polyp (7.3 %), which tended to be found with the combined screening tests.
Discussion
There have been many arguments regarding the application of FDG-PET for cancer screening [1, [4] [5] [6] . PET examination has the potential to detect many types of malignant neoplasms; therefore, cancer screening with PET is expected to detect malignant neoplasms throughout the body. However, it is well known that PET has limited detectability for several types of malignant neoplasms due to their small size, low glucose metabolism, and high physiological background FDG uptake. As a result, researchers involved in cancer screening using FDG-PET share a common understanding that cancer screening using PET or PET/CT must be established as a program in combination with several other modalities to compensate for what is not apparent with PET and PET/CT [2, 3, 5, 6] . The Japanese Society of Nuclear Medicine published guidelines for ''FDG-PET cancer screening'', which include details about common examinations adopted in Japan that have the potential to contribute to an increased cancer detection rate. These guidelines facilitate uniform and accurate PET cancer screening at many PET centers, but do not advocate any particular screening methods to be combined with PET examination. Therefore, PET centers modify their cancer screening programs depending on their circumstances (even though they share some common ground, as shown in the present report). The suspected cancer detection rate with combined screening tests is much higher than that of FDG-PET; thus, adoption of a common combined screening test and improvement in accuracy will contribute to increasing the specificity of the FDG-PET cancer screening program. The rate of suspected cancer was higher in PET/CT combined with other screening examinations than dedicated PET combined with other screening examinations. From the result of suspected cancer according to the interpretation of FDG-PET and/or combined screening examinations, the estimated rate of suspected cancer was higher with PET/CT than PET. As a result, PET/CT increased the rate of suspected cancer, but this was not associated with any specific type of cancer. The age-specific incidence of cancer shows a sudden rise after 60 years of age in Japan based on the report from the Foundation for Promotion of Cancer Research (FPCR) [7] . The number of FDG-PET cancer screening programs is highest for subjects aged 50-59 years (33.2 % of all subjects), and the incidence of cancer increases with age. Subjects receiving FDG-PET cancer screening are younger than the reported age groups with the most frequent incidence of cancer. The number of malignant neoplasms found by the FDG-PET cancer screening program is higher than the age-matched annual incidence of cancer in Japan. The distinctive feature of FDG-PET cancer screening is that it can detect various kinds of cancers, including cancers with unestablished organized screening methodologies. Moreover, the majority of found cancers were of Stage I, with expected good prognoses with existing treatment methods. The incidence of cancer in this survey is similar to those in several reports from single or multicenter facilities [3, 5, [8] [9] [10] [11] [12] [13] , indicating that PET cancer screening is conducted with a considerable level of consistency throughout Japan. Detection rates with FDG-PET cancer screening are higher than the total detection rates of other cancer screening modalities performed in Japan (such as chest radiography and sputum cytology, mammography with inspection and palpation of breast, upper gastrointestinal fluoroscopy, FOBT, and uterine cervical cytology), which have already proven cancer screening efficacy [14] . Terauchi et al. [14] reported strict limitations of FDG-PET for cancer screening based on data from the Research Center for Cancer Prevention and Screening (RCCPS) and National Cancer Center in Japan, which were particularly notable in screening for colon cancer, lung cancer and gastric cancer. All found lung cancers were categorized as Stage I, and most found colon cancers were localized in the intramucosal layer. The results of the present report indicate that cancer screening by PET examination alone was limited to small and/or early cancers; therefore, combined examinations to detect cancers missed by FDG-PET is mandatory. On the other hand, combined examinations are associated with an increased number of false positives, and can lead to an increase in unnecessary further examinations and follow-up. Combined screening tests must be specific for a particular cancer. FDG-PET cancer screening is not a completely established method for cancer screening. FDG-PET cancer screening should be used with a sufficient explanation and adequate understanding of its advantages, disadvantages and limitations. One problem is the appropriate time interval for conducting FDG-PET cancer screening. The present results show that cancer was found in 22.9 % of suspected cancer cases in which repeated annual FDG-PET cancer screening tests were performed. Although most cancers found in the repeated annual FDG-PET cancer screening tests were Stage I, the cancer detection rate was not low. Estimated from the data of the HIMEDIC Imaging Center at Lake Yamanaka, cancer was found in 1.58 % of cases at the first screening, and in 1.18 % of cases at the second screening, but only in 0.69 % of cases in the third screening. The detection rate was estimated to decrease in PET examinations, but was stable in the combined screening test at a rate of approximately 0.2 % [2] . The present results showed that cancer at Stage I was frequently found by FDG-PET cancer screening, with a high sensitivity of FDG-PET for both the first and repeated examinations. These results highlight the limitation of a one-time FDG-PET cancer screening program, and that two consecutive screenings followed by a combined screening test may be able to detect more malignancies. Among subjects who underwent a repeated FDG-PET cancer screening program, Stage III and IV cancers comprised 11.4 % of the found cancers. Found cancers in a repeated FDG-PET screening program may be interpreted as negative on the first time examination or show a rapid onset within 1 year. It is absolutely clear that the FDG-PET cancer screening program cannot detect all malignancies.
The main issue for FDG-PET cancer screening will be how it can detect various cancers and reduce their mortality rate. FDG-PET cancer screening detected many prostate cancers and thyroid cancers, which are associated with relatively long survival times. In contrast, FDG-PET cancer screening programs detected pancreas cancer at an early clinical stage [15] , but the high mortality rate of even early-stage pancreas cancer means that the FDG-PET cancer screening program may be non-contributory for this tumor. Although a randomized control study is a maximally efficient method for showing the benefit of FDG-PET cancer screening, it requires a long observation time and a large population. The United States Preventive Services Task Force (USPSTF) advocated an ''analytic framework'' consisting of chain logic of evidence supporting a connection between the preventive service and improved health outcomes [16] . As a result, the value of FDG-PET cancer screening might be indirectly estimated by detailed analysis of found cancers compared to the known epidemiological trend of cancer. Moreover, decision modeling analysis may also have the potential to clarify the clinical benefit of a PET cancer screening program [17] , even though direct evidence such as reduction of mortality is essential.
Radiation exposure is a major problem in FDG-PET cancer screening. According to the International Commission on Radiation Protection (ICRP), the estimated cancer incidence induced by radiation exposure was 0.0048 % per mSv [13] . Murano et al. reported that the average effective dose of radiation exposure in a PET center is estimated to be 4.4 mSv with a dedicated PET study and 14.2 mSv with a PET/CT study. The average radiation exposure associated with FDG-PET cancer screening will increase because of the increasing availability of PET/CT scanners. Riskbenefit analysis has shown that FDG-PET cancer screening is beneficial for examinees above the break-even ages based on a Japanese nationwide survey. However, that survey mentioned that the risks and benefits of radiation exposure must be explained to examinees because of the larger radiation dose used in cancer FDG-PET screening compared with other radiological tests [18] .
The high cost of an FDG-PET cancer screening program is another huge problem. Effective combined screening tests, at the minimum, for compensating for FDG-PET should be selected as a screening program, which can lead to a lower cost and burden on the recipients of such screening. Although the cost of FDG-PET in Japan is lower than that in the United States ($1,000 vs. $2,000, respectively) [1, 19] , it is still far higher than that of a screening examination covered by health insurance plans. Therefore, cost effectiveness is not expected in an FDG-PET cancer screening program. If maximum cost effectiveness is required for an FDG-PET cancer screening program, the program should target a group at high risk for a cancer that is commonly detected by PET and PET/CT. Otherwise, the value of a FDG-PET cancer screening program is left to the judgment of the individual provided that the advantages, disadvantages and limitations of FDG-PET for cancer screening are fully disclosed.
Beside malignancies, many benign lesions were found with the FDG-PET cancer screening program. They are regarded as false positive cases. However, colonic adenoma has the potential for malignant transformation [20, 21] , and screening and removal of adenomatous polyps are significant aspects of prevention and improvement of prognosis. The clinical importance of screening for adenomas is to detect advanced adenomas (defined as larger adenomas with a diameter of 10 mm or more). The sensitivity of FDG-PET for detecting adenomas depends on their size and histologic grade [22, 23] . Thus, FDG-PET has a high potential of detecting adenomas that should be removed and suggesting the need for further examinations such as colonoscopy. Moreover, some non-malignant diseases (such as tuberculosis, inflammatory changes of the lung, and sarcoidosis) are also clinically important, and in some instances, early detection may enhance the quality of life and longevity. Therefore, FDG-PET screening may provide an opportunity to favorably alter the prognosis in various cases.
A limitation of this survey is inadequate investigation of subjects who were judged to be negative in the FDG-PET cancer screening program. Also, the present survey received inadequate answers from subjects who were judged as having possible malignancy by the FDG-PET cancer screening program, even though proven malignancies appeared to be obtained more frequently.
Conclusion
The FDG-PET screening program in Japan has detected a variety of cancers at an early stage. However, several cancers were found in repeated FDG-PET cancer screening program, indicating an important limitation of a one-time FDG-PET cancer screening program. The value of the FDG-PET cancer screening program is left to the judgment of individuals with regard to its potentials and limitations.
